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trihexyl(tetradecyl)phosphonium chloride ([P 66614 ]Cl). All components are treated as distributing between the two phases and are modelled using distribution coefficient models derived from published experimental data and ab initio computational results. The rate of mass transfer between the two phases is calculated using a mass transfer model. Simulation results are shown to be generally in good agreement with published experimental results.
INTRODUCTION
Demand for strategically-important metals such as rare earths, nickel and cobalt is rising due to increasing global populations and because of the move towards low-carbon technologies, following the Paris Climate Agreement. 1 To secure the supply of these strategic metals in future, they need to be recovered from wastes and recycled using technologies with low environmental impact. Such technologies are therefore attracting significant research interest. [2] [3] [4] Hydrometallurgical methods have been widely used for metals separations for many years. 5 However, hydrometallurgical separation of cobalt from nickel, for example, is highly challenging because of their similar chemical properties and similar behavior in aqueous solutions.
Traditionally, cobalt and nickel are separated by selective oxidation and precipitation processes that have low efficiency and low selectivity. 6 Solvent extractions can separate metals selectively and with high yields. 7 Several researchers have investigated the use of solvent extraction to separate cobalt and nickel. [8] [9] [10] However, conventional solvents are usually noxious and/or flammable; it is necessary to replace these with more environmentally benign solvents, to reduce the environment impact of the metal separation process.
Ionic liquids are gaining favor as environmentally-friendly solvents, offering advantages because of their low vapor pressure and low flammability. Ionic liquids can also be tailored to a given application to achieve high selectivity. They thus could have potential to replace flammable, volatile and toxic organic solvents conventionally used for metal extraction. 11, 12 Several research publications have investigated this possibility. For example, extraction of rare earths using tricaprylmethylammonium nitrate and di(2-ethylhexyl) 2-ethylhexyl phosphonate; 13 using bifunctional ionic liquids to separate lanthanum from other rare earths, using a 'molecular' extraction mechanism; 14 back-washing uranium from a loaded ionic liquid using aqueous NaOH solution; 15 applying tetraoctylphosphonium oleate to separate cobalt and sodium. 16 Hydrophobic phosphonium ionic liquids, such as trihexyl(tetradecyl)phosphonium chloride ([P 66614 ]Cl, Cyphos IL 101 ® ), have attracted significant attention, due to their low price, high stability and low solubility in water. 17 Examples of metal separations using this ionic liquid include the recovery of zinc , 18 actinides, 19 iron, 20 mercury, 21 and cobalt 22,23 from chloride solutions. By an anion exchange process, [P 66614 ]Cl can be easily modified, to replace its anion to synthesize other trihexyl(tetradecyl)phosphonium ionic liquids; these can be used in other metal separation processes, such as for separation of mixtures of rare earths. 24, 25 Although the viscosity of pure [P 66614 ]Cl is high, it reduces significantly with increasing temperature and increasing water content. 26 Solvent extractions typically involve an aqueous phase and a solvent phase; therefore, the ionic liquid solution is always saturated with water. The saturation with water makes it possible to use [P 66614 ]Cl in solvent extraction without other diluents, at slightly raised temperatures. [27] [28] [29] The environmental impact of additional diluents may thus be avoided.
confirmed the cobalt can be extracted by [P 66614 ]Cl in the form of CoCl 4 2− . 22,25, 27 Wellens et al. 29 also presented experimental results of a continuous flowsheet for Co-Ni separation using pure hydrochloric acid distributes between the aqueous and ionic liquid phases. In addition, the experiments did not consider some important physical properties such as density, viscosity, diffusion and interfacial tension for both phases, and how these change within the extraction process.
The value of flowsheet simulation for design, development and optimization of solvent extraction processes separating metals is well known. 30 This work therefore aims to develop and apply a flowsheet simulation model for the extractive separation of highly similar transition metals, namely cobalt and nickel, using an ionic liquid. The work aims to extend the state of the art in process modelling and simulation of such flowsheets. Development of the process model requires selection and/or development of suitable models for the physical properties and distribution coefficients of the mixtures involved, for relevant mass transfer phenomena, for individual extraction units and for the multi-stage extraction flowsheet.
MODEL DEVELOPMENT

Simulation Model Overview
The flowsheet simulation model has a hierarchical structure, as shown in Scheme 1. A database of key physical properties of constituent species underpins the model. process takes place at atmospheric pressure. Like many solvent extraction flowsheet models, 31, 32 enthalpy changes are also neglected; this assumption is justified by the relatively small enthalpy changes involved and the absence of significant enthalpy changes arising from evaporation or condensation.
Distribution Coefficient Models
A distribution coefficient model predicts the distribution of species between the two phases at equilibrium. It is known that cobalt can form several chloro-complexes in chloride solutions: [33] [34] [35] Co
The corresponding equilibrium constant is given by:
where C represents the concentration of the ion in aqueous solution in mol L -1 .
The extraction of metal by phosphonium ionic liquids occurs via an anion exchange mechanism. 36 Therefore the reaction that represents the extraction of cobalt chloride by 
The equilibrium constant for reaction (3) is therefore given by:
where the overbar represents the properties in ionic liquid phase, therefore, C ̅ represents the concentration of species in ionic liquid phase, and IL represents the metal-free (unloaded) ionic
The distribution coefficient is defined by the ratio of concentrations of the species of interest between the ionic liquid and aqueous phases:
The extraction mechanism of cobalt from chloride solution by tricaprylmethylammonium chloride is similar to reaction (3). 38 Considering non-ideal and salt effects 37 , Sato et al. 38 proposed a semi-empirical equation to calculate the distribution coefficient of cobalt between chloride aqueous solution and tricaprylmethylammonium chloride at various chloride concentrations:
In which k', p 1 , and p 2 are adjustable parameters that represent the effects of non-ideality (related to activity coefficients) and salting-out. These parameters and the equilibrium constants, β i , are regressed against experimental results. 27 The regressed parameter values are listed in Table 1 . 
The distribution coefficients of cobalt and nickel predicted using Eq.(6) and Eq.(7) are compared to published experimental data 27 in Figure 1 . 
The reaction equilibrium constant for HCl extraction can then be represented by: Eq (7) Expt. [27] K
Considering non-ideal effects, and neglecting the difference between the activity coefficients of the ionic liquid and of HCl in the ionic liquid phase, i.e., assuming γ ̅ IL γ ̅ HCl ⁄ ≈ 1 , the distribution coefficient of HCl is given by:
where ± is mean activity coefficient of hydrochloric acid, and is calculated by an extended
Debye-Hückel equation. The Debye-Hückel equation has been used to calculate the effects of non-ideality in electrolyte solutions. 19, 43 It is based on three assumptions: all ions can be considered as point charges, the only interactions between ions are electrostatic, and the effect of counterions, on a particular ion, can be described in terms of a static ion-cloud. 44 However, this equation is only correct when the solution is very dilute. In concentrated solutions, extra terms, regressed from experimental data, are usually needed to correct the Debye-Hückel predictions.
Partanen et al. 45 
where ∅ is the Debye-Hückel parameter that is dependent on the temperature, 47 m is the ionic strength, expressed in units of molarity, and m 0 = 1 mol kg -1 . 45 The values of parameters T is temperature in °C.
The equilibrium constant, D H , which is estimated from experimental data 27, 29 , is 0.0964.
It is known that water will transfer from the aqueous phase to the ionic liquid during the extraction process. It is also known that the water concentration in [P 66614 ]Cl is not constant during the extraction process. 27, 29 However, experimental data for the water concentration in the ionic liquid phase are lacking; therefore, the quantum chemical equilibrium thermodynamics 
where ̅ 0 is the total ionic liquid concentration in the ionic liquid phase. 
Physical Properties Modelling and Calculation
To model the metal extraction process, physical properties such as density, viscosity, diffusion coefficient, and interfacial tension need to be predicted.
Experimental data for the density of various aqueous solutions of cobalt chloride, nickel chloride and hydrochloride, at various temperatures, are available, as summarised in Table S1 these data show that the density is somewhat sensitive to the water, HCl and metals content. A simple linear correlation is regressed against experimental measured and published data 27, 29 . The density of ionic liquid solutions at 60C is given by:
where  is density (g mL -1 ) and ,60 is the density of pure [P 66614 ]Cl at 60C (0.8695 g mL -1 ).
26 Figure 4 shows that the density predicted by eq. (14) is within 1% of measured values.
The density of pure [P 66614 ]Cl at temperature T (C ) can be estimated by: Density (expt.) g mL -1 It is assumed that the effect of water, HCl and metals on the density of the solution is not temperature dependent. Therefore, ,60 in equation (14) can be replaced by , in equation (15) to calculate the viscosity of ionic liquid phase at temperature T.
Figure 4 Validation of ionic liquid phase density model at 60C
The viscosity of [P 66614 ]Cl is sensitive to temperature; therefore, the extraction process should be operated at moderately high temperatures, e.g. 60C, to maintain a relatively low viscosity and thus facilitate mass transfer. 27 In the extraction process, the ionic liquid phase is saturated with water; published results of extraction experiments using ionic liquid [P 66614 ]Cl, aqueous
HCl and various cobalt loadings 27 permit regression of correlations for the viscosity of the ionic liquid at 60C:
where ̅ 0 is the viscosity of the ionic liquid saturated by aqueous hydrochloric acid (without metals).
Published results of viscosity measurements are available 27 
Mass Transfer Model
The mass transfer model is based on a linear driving force model, as these are widely used in solvent extraction process models. [57] [58] [59] The rate of mass transfer between the aqueous phase and ionic liquid phase can be expressed as:
Where K OO is the overall mass transfer coefficient; V is the total volume of liquid in the 
The surface-mean diameter depends on the Weber number:
where Di is the diameter of the impeller, is the rotation speed of the impeller, is the density of continuous phase and is the interfacial tension. In this work, the interfacial tension is 0.006 N m -1 .
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In a classical stirred mixer-settler, the surface-mean diameter can be calculated by The extraction reaction of cobalt by phosphonium ionic liquid is usually fast; 63 therefore this work assumes that diffusion is the rate-controlling step in mass transfer. 64 The overall mass transfer coefficient, K OO , may be calculated from the mass transfer coefficients inside the droplet and in the continuous phase, k IL and k aq :
Due to the high viscosity of the ionic liquid, the droplet is modelled by Newman's model 65 and the flow inside the droplet is assumed to be stagnant:
The mass transfer coefficient in continuous phase is given by: The aqueous phase diffusion coefficients for the metals are obtained from the literature.
66-69
The diffusion coefficients for water and the phosphonium cation are also obtained from literature. 70 As published data for the HCl diffusion coefficient in [P 66614 ]Cl are lacking, the value is assumed to be the same as that for water. 
Where diff 0 is the diffusion coefficient of the solute in the metal-free (i.e. unloaded) watersaturated ionic liquid for which the viscosity is 0 and the temperature is T 0 . The values of 0 used in this work are listed in Table 2 . 
Mixer-settler Model
The flows in the stirred mixer are highly turbulent. Therefore, it is assumed that the concentrations of each component in each phase within the mixer are equal to those in the effluent, as in a continuously stirred tank reactor (CSTR). This work also assumes that mixing and mass transfer processes in the mixing zone are isothermal. The ionic liquid and aqueous phases are modelled separately, so the mixer is modelled as having two feeds and two product streams as well as two phases within the mixer. Scheme 2 illustrates the set-up of the unit.
The model comprises separate material balances for each species in each phase, taking into account material flows and mass transfer:
Scheme 2. Layout of settler unit
Because the diameter of the extractor is significantly greater than that of the outlet, the total flows out of the aqueous phase, , and ionic liquid phase, ̅ , are controlled by the liquid level and the level of the outlet of each phase:
where is flow coefficient. and ̅ is the height of the aqueous phase and ionic liquid phase, while and are the levels of the outlet of ionic liquid and aqueous phase relative to the specific liquid level of the extractor, respectively. All these dimensions are relative to the height of the ionic level outlet, as Scheme 2 shows. 
Single-stage Batch Extraction Simulations
In single stage batch extraction experiments 27 The model presented above is applied to simulate the process, using the same operating parameters as in the experiments 27 . Table 3 presents the simulation results; it may be seen that predicted compositions, density and viscosity of the two phases are in very good agreement with the experimental results.
The simulation model is applied to determine the dynamic behavior of the extractor. Figure 5 shows the profile of cobalt in the ionic liquid phase; the results suggest that mass transfer of cobalt in this process is fast, although this still needs to be confirmed experimentally. Figure 5 also shows that the effect of viscosity on mass transfer of cobalt is negligible: the concentration profiles for batch experiment 1 and batch experiment 2 are almost identical. On the other hand, there is an obvious effect of viscosity on the mass transfer of nickel -the mass transfer of nickel in batch experiment 2 is faster than in batch experiment 1 -possibly because the distribution coefficient of nickel is very low. The results shown in Figure 9 indicate that the operation of the flowsheet stabilizes about 24
hours after starting to recycle the ionic liquid. The calculated extraction rates of cobalt and nickel in each extraction stages, shown in Figure 10 , also indicate that steady state will be achieved after that time. Table S2 in the Supporting Information provides further details of steady state simulation results.
The simulation model may be applied to explore the impact of changing process operating parameters on the system dynamics. It is found 75 that the original experiment might be improved by increasing the flow rates of all feeds and the recycle flow rates up to twice the original values to reduce the time to reach steady state, while still achieving similar separation results and yields.
The maximum flow rate would be limited by mass transfer and phase separation rates, as well as by hydraulic constraints. However, if the aqueous phase has high metal concentrations, this will lead to high metal loading of the ionic liquid. This high loading will increase the ionic liquid viscosity dramatically 27 , reducing the mass transfer rate. In practice, the Co loading should be no greater than 20 g L -1 .
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(a) (b) Figure 10 Metal extraction rates of (a) cobalt and (b) nickel from multistage extraction simulation ("Time": time elapsed since starting to recycle ionic liquid; "+":extraction from aqueous to ionic liquid phase; "":extraction from ionic liquid phase to aqueous phase.)
Flowsheet Development
Wellens et al., 29 reflecting on their multistage experimental studies, suggest how the flowsheet could be improved, in order to remove more of the nickel from the ionic liquid and to reduce loss of Co to the Ni product. Of particular concern is the loss of both Co and Ni, around 250 mg L -1
and 100 mg L -1 respectively, in the wash water outlet. This work proposes three flowsheet
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1.E-04 Results for Case 1 are presented in Table 5 : the simulation results confirm that recovery of cobalt and nickel to their respective products increases. However, Co is still lost into the Ni product, As noted in the discussion of the batch extraction process, the extraction of cobalt into the ionic liquid phase causes water to be rejected to the aqueous phase. As a result, the aqueous phase within Stage 1 becomes more dilute with respect to HCl concentration, and this tends to reduce cobalt extraction. 27 Presaturating the ionic liquid with HCl can counteract this effect: the distribution coefficient of cobalt should increase as a result of a higher HCl concentration in the aqueous phase, and this increase should improve the recovery of cobalt to the ionic liquid phase. Table 5 . It may be seen that, as expected, the recovery of cobalt increases further, while both recovery and purity of nickel are greater than in the original flowsheet.
CONCLUSION
This work develops a flowsheet model to simulate the extractive separation of cobalt and nickel using a hydrophobic, non-fluorinated ionic liquid trihexyl(tetradecyl)phosphonium chloride ([P 66614 ]Cl); no organic diluent is required. This simulation model comprises distribution coefficient models, mass transfer models, physical property models and models of the mixersettler units, as well as of the connections between them.
The distribution coefficient models account for the extractive reaction mechanisms, and draws on published experimental data and as well as ab initio predictions using a quantum chemistry COSMO-based method. The mass transfer model estimates the mass transfer rate for given operating conditions, considering density, viscosity, interfacial tension and diffusion coefficients in the mass transfer calculation. Physical properties, including density, viscosity and diffusion, are calculated for the conditions and composition of interest; published data and models are used for this purpose. The mixer-settler is modelled as a continuous stirred tank; two specific cases are modelled, based on the experiments and apparatus reported in the literature. 27, 29 This work successfully applies the flowsheet model to replicate the reported experiments.
Single-stage batch extraction and multistage continuous extraction using ionic liquid [P 66614 ]Cl to separate cobalt and nickel are simulated and the predictions are shown to be in good agreement with experimental results.
The accuracy of the model is limited both by simplifications and assumptions of the models and by the lack of data and models for predicting relevant phenomena. In particular, it is assumed that mass transfer is governed by linear driving forces between the continuous phase and the stagnant spherical droplets of known dimension; limited data and models are availablefor example, related to the water content and density of the ionic liquid and to diffusion coefficients in the multicomponent mixtures of interest. Also, kinetic effects of mixing, reaction and settling are neglected. More reliable experimental data are needed to extend this work.
Flowsheet modelling could also benefit from ab initio predictions of property data using modern thermodynamic models, molecular simulations and quantum mechanics-based calculations.
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The flowsheet model is also applied to explore the potential benefits of proposed flowsheet modifications that could increase the recovery and/or purity of the recovered metals. The usefulness of the model for exploring proposed flowsheet modifications, prior to further experimentation, is thus demonstrated.
Future work could evaluate other operating conditions, explore other flowsheet configurations, and potentially other ionic liquids, towards process optimization. Such studies would be essential for commercialisation of this, or similar, novel separation schemes. In addition, the flowsheet model can be further developed to allow its application to other extractive separation processes, such as for the separation of rare earths using ionic liquids.
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